Effects of impurity scatterings on the conductance in normal-metal/d-wave superconductor junctions are discussed by using the single-site approximation. So far, the split of the zero-bias conductance peak has been believed to be evidence of the broken time reversal symmetry states at the surface of high-T c superconductors. In this paper, however, it is shown that the impurity scattering near the interface also causes the split of the zero-bias conductance peak. Typical conductance spectra observed in experiments at finite temperatures and under external magnetic fields are explained well by the present theory.
I. INTRODUCTION
The zero-energy state (ZES) 1 formed at the surfaces of superconductors is a consequence of the unconventional symmetry of Cooper pairs. Since the ZES appears just on the Fermi energy, it drastically affects transport properties through the interface of junctions consisting of unconventional superconductors. 2 For instance, in normal-metal/high-T c superconductor junctions, a large peak is observed in the differential conductance at zero bias voltage. [3] [4] [5] [6] [7] [8] [9] [10] The ZES is also responsible for the low-temperature anomaly of the Josephson current between the two unconventional superconductors. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] An electron incident into a normal-metal/superconductor (NS) interface suffers the Andreev reflection 22 by the pair potential in the superconductor. As a result, a hole traces back the original propagation path of the incident electron. This is called the retro property of a quasiparticle which supports the formation of the ZES. Strictly speaking, the electron-hole pairs just on the Fermi energy hold the retro property in the presence of the time reversal symmetry (TRS). Thus the ZES is sensitive to the TRS of the system. Actually, the zero-bias conductance peak (ZBCP) in NS junctions splits into two peaks under magnetic fields. [23] [24] [25] [26] The peak splitting is also discussed [27] [28] [29] [30] [31] [32] [33] when the broken time reversal symmetry state (BTRSS) is formed at the interface. Theoretical studies showed that such BTRSS's are characterized by the s + id xy (Ref. 28) or d xy + id x 2 −y 2 (Ref. 34) wave pairing symmetry. Experimental results, however, are still controversial. Some experiments reported the split of the ZBCP at the zero magnetic field, [35] [36] [37] [38] [39] [40] [41] [42] others did not. 5, 7, 8, [43] [44] [45] The ZBCP is also sensitive to the exchange potential in ferromagnets attaching to unconventional superconductors. 46, 47 In previous papers, we numerically showed that random potentials at the NS interface cause the split of the ZBCP at zero magnetic field by using the recursive Green function method. 48 , 49 We also showed that the splitting due to the impurity scattering can be seen more clearly when realistic electronic structures of high-T c materials are taken into account. 50 Unfortunately, we could not make clear a mechanism of splitting. Our conclusion, however, contradicts those of a number of theories [51] [52] [53] [54] [55] [56] based on the quasiclassical Green function method. [57] [58] [59] [60] [61] The drastic suppression of the ZBCP by the interfacial randomness is the common conclusion of all the theories. The theories of the quasiclassical Green function method, however, concluded that the random potentials do not split the ZBCP. Thus this issue has not been fixed yet. There are mainly two reasons for the disagreement in the two theoretical approaches (i.e., the recursive Green function method and the quasiclassical Green function method). One is the treatment of the random potentials, the other is the effect of the rapidly oscillating wave functions on the conductance. In our simulations, we calculate the conductance without any approximation to the random potentials and the wave functions; this is an advantage of the recursive Green function method. 49, 62 In this paper, we discuss effects of the impurity scattering on the conductance in normal-metal/d-wave superconductor junctions by using the Lippmann-Schwinger equation. We assume that impurities are near the NS interface on the superconductor side. The differential conductance is analytically calculated within the single-site approximation based on the conductance formula. 63, 64 The split of the ZBCP due to the impurity scattering is the main conclusion of this paper. The impurity scattering affects the conductance in two ways: (i) drastically suppressing the conductance around the zero bias voltage and (ii) making the conductance peak wider. The split of the ZBCP is a consequence of the interplay between the two effects. In the present theory, we successfully explain typical conductance shapes observed in several experiments. We also show that the splitting peaks are merged into a single conductance peak for sufficiently high temperatures and that the peak splitting width increases with increasing external magnetic fields. This paper is organized as follows. In Sec. II, we derive the reflection coefficients in NS junctions within the single-site approximation based on the Lippmann-Schwinger equation. The split of the ZBCP is discussed in Sec. III. In Sec. IV, calculated results are compared with experiments and another theories. In Sec.V, we summarize this paper.
II. LIPPMANN-SCHWINGER EQUATION
Let us consider two-dimensional NS junctions as shown in Fig. 1 , where normal metals ͑x Ͻ 0͒ and d-wave superconductors ͑x Ͼ 0͒ are separated by the potential barrier V B ͑r͒ = V 0 ␦͑x͒. We assume that the periodic boundary condition in the y direction and the width of the junction is W.
The a axis of high-T c superconductors is oriented 45°f rom the interface normal. The pair potential of a high-T c superconductor is described by
in the momentum space, where ⌬ 0 is the amplitude of the pair potential at the zero temperature, k x = cos ␥ = k x / k F and k y = sin ␥ = k y / k F are the normalized wave number on the Fermi surface in the x and the y directions, respectively. The Fermi wave number k F satisfies ប 2 k F 2 /2m = F , where F is the Fermi energy. The schematic figure of the pair potential is shown in Fig. 1 . The NS junctions are described by the Bogoliubov-de Gennes equation 65 ͵drЈͩ ␦͑r − rЈ͒h 0 ͑rЈ͒ ⌬͑r,rЈ͒ ⌬ * ͑r,rЈ͒
͑5͒
where R c = ͑X c , Y c ͒ = ͑r + rЈ͒ / 2 and r r = r − rЈ. Throughout this paper, we neglect the spatial dependence of the pair potential near the junction interface. This is a reasonable approximation when we consider the conductance around the zero bias voltage. 66 The spatial dependence of the pair potential should be determined in a self-consistent way when we discussed the conductance far from the zero bias such as eV ϳ ⌬ 0 . Here V is the bias voltage applied to junctions. We consider impurities near the interface on the superconductor side as indicated by crosses in Fig. 1 . The potential of impurities is given by
where N i is the number of impurities. In the absence of impurities, the transmission and reflection coefficients are calculated from boundary conditions of wave functions at the junction interface as shown in Appendix A. By using these coefficients, four retarded Green functions are obtained as shown in Appendix B. The normal conductance of the junction is given by
where T B is the transmission probability of the junction, N c =2W / F is the number of the propagating channels on the Fermi surface, F =2 / k F is the Fermi wave length, and z 0 = mV 0 / ͑ប 2 k F ͒ represents the strength of the potential barrier at the NS interface. In the limit of z 0 2 ӷ 1, T B is proportional to 1 / z 0 2 . Effects of impurities on the wave functions are taken into account by using the Lippmann-Schwinger equation ͑l͒ ͑r͒ = 0 ͑l͒ ͑r͒ + ͵drЈĜ 0 ͑r,rЈ͒V I ͑rЈ͒ 3 ͑l͒ ͑rЈ͒, ͑9͒
where l indicates a propagating channel characterized by the transverse wave number k y ͑l͒ . Here 0 ͑l͒ ͑r͒ is the wave function in which an electronlike quasiparticle with k y ͑l͒ is incident into the clean NS interface from normal metals and is described as for x Ͻ 0, where q l 
where is a macroscopic phase of a superconductor, k l 
It is possible to calculate the exact conductance if we obtain ͑l͒ ͑r j ͒ for all impurities by solving Eq. (17) . Actually it was confirmed that the conductance calculated from the numerical solution of Eq. (17) is exactly identical to that computed in other numerical methods such as the recursive Green function method. 62, 67 In this paper, we solve Eq. (17) within the single-site approximation, where the multiple scattering effect involving many impurities (Anderson localization) are neglected. However, the multiple scattering by an impurity is taken into account up to the infinite order of the scattering events. In the summation of j in Eq. (17) , only the contribution with j = jЈ is taken into account in the single-site approximation. 68 In this way, the wave function at r j is approximately given by
We note that the single-site approximation yields the exact conductance when N i = 1. Within the single-site approximation, Eq. (10) can be solved as
for x Ͻ 0. On the right-hand side of Eq. (19), all functions have been given by analytical expressions.
In the presence of the impurity scattering, the wave function Eq. (19) can be expressed as
͑20͒
for x Ͻ 0, where A l Ј ,l and B l Ј ,l are the Andreev and the normal reflection coefficients in the presence of impurities, respectively. These coefficients are obtained from relations
The scattering theory based on the Lippmann-Schwinger equation requires complicated algebra as shown below because the perturbation expansion is carried out in real space.
In return, effects of the impurity scattering can be taken into account up to the infinite order of the perturbation expansion without using any self-consistent treatments. In addition, the reflection coefficients are explicit functions of the impurity positions in a single disordered sample. These are advantages of the present method.
In what follows, we consider low transparent junctions (i.e., z 0 2 ӷ 1). From the reflection coefficients in Appendix A, the Green function in the superconductor is given by
where p Ϸ͑k F / 2 cos ␥͒͑⍀ / F ͒. The local density of states 69 at r is defined by
The first term in Eq. 
The solid and the broken lines represent negative of the imaginary part and the real part of Eq. (23), respectively. As shown in Fig. 2 (a), the imaginary part of the Green function has a large peak around E = 0 reflecting the ZES formed at the junction interface. The energy scale E ZEP characterizes the width of the zero-energy peak. The real part of the Green function first increases with decreasing E then suddenly decreases to zero for E → 0. A detailed analysis indicates that the real part of the Green function has its maximum around an energy
͑26͒
The Green function for E Ͻ E ZEP is approximately calculated from the second and the third terms of Eq. (23)
where we use ⍀ ϳ i͉2⌬ 0 cos ␥ sin ␥͉. The imaginary part of the Green function g 1 is of the order of unity when E ϳ E ZEP . However, g 1 at E = 0 becomes much larger than unity for xk F ӷ 1 because
Thus the energy scale E dip characterizes the drastic increase of g 1 and the drastic decrease of g 2 . The local density of states at E = 0 calculated from Eqs. (23) and (24) is plotted as a function of xk F in Fig. 2(b) with the solid line. For comparison, we also show the analytical results represented by
with the broken line. The results show the remarkable enhancement of the local density of states around x ϳ 0 . This implies that the ZES is formed around x ϳ 0 .
Here we note the following. To calculate the Green function, we consider the third term in Eq. (23) which rapidly oscillates as cos͑2xk F cos ␥͒. Such rapidly oscillating terms are usually neglected in the quasiclassical Green function method. We, however, cannot neglect the third term because it removes the divergence of the local density of state at E =0. 70, 71 The third term also becomes important when we calculate the local density of states just at the surface (i.e., x =0)
where K͑x͒ is the complete elliptic integral of the first kind and describes the bulk density of states. Another term comes from the fourth and sixth terms in Eq. (23) . The first equation is the exact expression and we use E Ͻ E ZEP in the second line. We exactly obtain N͑E =0,x =0͒ = N 0 . Thus there is no remarkable enhancement in the zero energy local density of states just at the interface. The second and third terms in Eq. (23) do not contribute to the N s ͑E ,0͒ because they exactly cancel each other at x =0. In the next section, the conductance for E Ͻ E ZEP will be discussed. It is possible to rewrite a part of Eq. (19) as
where s corresponds to the self-energy of a quasiparticle scattered by an impurity once and describes two important features. First, s becomes large in low transparent junctions even if V i N 0 is fixed at a small constant because Q 0 in Eq.
Thus Q 0 represents the normalized strength of the impurity scattering. This behavior explains the previous numerical simulation. 48 Second, effects of impurity scattering far away from the interface on the conductance is negligible because Q 0 decreases exponentially with the increase of x. Impurities around the ZES (i.e., x ϳ 0 ) seriously affect the conductance for E Ͻ E ZEP .
III. CONDUCTANCE
The differential conductance in NS junctions is calculated from the normal and the Andreev reflection coefficients 63, 64 
where f FD ͑E͒ is the Fermi-Dirac distribution function. When z 0 2 ӷ 1 and E Ͻ E ZEP , the reflection coefficients are calculated as
The conductance is then given by 
͑50͒
The first term of Eq. (45) N c g ͑0͒ is the conductance in clean junctions and ⌫ j represents effects of the impurity scattering on the conductance. When we calculate ͉Ā m,l ͉ 2 and ͉B m,l ͉ 2 , the summation with respect to impurities ͚ j N i ͚ j Ј N i must be carried out only for jЈ = j in the single-site approximation. 68 As a consequence, the current conservation law is satisfied for E Ͻ E ZEP .
To study effects of impurities on the conductance, we first assume x j = x 0 for all impurities. The conductance is rewritten as
where n i = N i F / W is the dimensionless line density of impurities less than unity. When scattering effects are strong, ͉s͉ ӷ 1, N i cannot be much larger than W / F . This limits the applicability of the single-site approximation. We show conductance for several choices of x 0 k F and V i N 0 in Fig. 3 , where z 0 = 10 and n i = 0. Roughly speaking, the impurity scattering affects the ZBCP in two ways: (i) it decreases the conductance around the zero bias voltage and (ii) it makes the ZBCP wider. The two effects (i) and (ii) are well characterized by the E dependence of ⌫ j and the sign change of ⌫ j in Eq. (51), respec-tively. In Fig.4 , ⌫ j is plotted as a function of E for several x 0 k F , where V i N 0 is fixed at 0.01. We note that ⌫ j for x 0 k F = 10 yields the conductance in Fig. 3(a) . When x 0 k F ӷ 0 , ⌫ j ϳ 0 and impurity scattering is negligible as shown for x 0 k F = 50 because Q 0 in Eq. (37) becomes almost zero. For x 0 k F = 2, 5, and 10, ⌫ j increases with decreasing E, which indicates the enhancement of the impurity scattering around E = 0. The suppression of the conductance around the zero bias is explained in terms of the drastic increase of the local density of states with decreasing E as shown in Fig. 2(a) . Therefore the suppression of the zero-bias conductance happens irrespective of x 0 k F and V i N 0 . In addition, a nonmonotonic E dependence of ⌫ j for x 0 k F = 10 is a source of the small conductance peak at the zero bias in Fig. 3(a) . The same small peak is also found in Fig. 3(b) .
The widening of the ZBCP can be explained by the sign change of ⌫ j . When E Ͼ 0.15E ZEP in Fig. 4 , ⌫ j for x 0 k F =10 becomes negative and impurities enhance the conductance. As a consequence, the conductance peak becomes wider than g ͑0͒ . The split of the ZBCP is a consequence of the interplay between the suppression of the conductance around the zero bias voltage and the widening of the ZBCP as shown in Figs.  3(a)-3(c) . Therefore the sign change of ⌫ j explains the split of the ZBCP.
For E dip Ͻ E Ͻ E ZEP , ⌫ j is almost a decreasing function of E and is positive at E = E dip as shown in Fig. 4 . It follows from Eq. (47) that
Within our study, s 1 ͑I 1 − I 3 ͒ tends to be much smaller than 2I 2 s 2 for E dip Ͻ E Ͻ E ZEP , which implies the importance of the real part of the self-energy s 2 for the splitting. The sign change of ⌫ j happens when the impurity scattering is sufficiently weak so that
is satisfied. When ͉s͑E = E dip ͉͒ is a small value less than unity, the effects of impurities are negligible and the conductance almost remains unchanged from that in clean junctions. The split also cannot be seen when ͉s͑E = E ZEP ͉͒ is larger than unity. An example is shown in Fig. 3(d) , where x 0 k F = 12.0, V i N 0 = 0.1, and ͉s͑E = E ZEP ͉͒ is estimated to be 1.5. In this case, the suppression of the zero-bias conductance dominates over the widening of the ZBCP. As a result, the conductance is always smaller than that in clean junctions and the ZBCP remains in a single peak. We should pay attention to the similarity in the shapes of the conductance in the present theory and those in experiments. Amazingly, the conductance structure in Fig. 3(a) is very similar to that observed in the experiment. 35 It is possible to find a very small conductance peak at V = 0 in addition to the splitting peaks around V ϳ ± 1 mV in Fig. 2 of Ref. 35 . The impurities away from the interface explain another conductance shape in the experiment. 8 The conductance structure in Fig. 2 Fig. 3(d) . The present theory explains at least two typical conductance shapes observed in the experiments.
of Ref. 8 is very similar to that in
As shown in Fig. 3 , the magnitude of the impurity potential and the position of impurities are key factors for the degree of splitting. In Fig. 5 , the gray area indicates sets of
The open circles denote sets of (͑V i N 0 , x 0 k F ͒, where we find the split of the ZBCP in Eq. (51).
All the circles are inside the gray area. Although the circles and the gray region do not perfectly coincide with each other, they show qualitatively the same tendency. The parameters used in Fig. 3 are indicated by filled squares. Since s at E = 0 is proportional to the local density of states, we also show the N s ͑E =0,x͒ in Eq. that the strong impurities are not necessary for the split of the ZBCP. It is evident that this phase diagram is valid in the limit of high impurity density and the diagram would be changed depending on the transmission probability of junctions.
In Fig. 3 , all impurities are aligned at x j = x 0 . In real junctions, however, impurities may be distributed randomly near the interface as shown in Fig. 1 . The conductance in such realistic junctions are shown in Fig. 6 , where impurities are distributed randomly in the range of 1
WL s ͒ is the dimensionless area density of impurities and z 0 = 10. The conductance is calculated from the expression
where ͗…͘ represents the ensemble average. Since the conductance in Eq. (45) is characterized by the number of impurities, a factor k F L s / appears in Eq. (54). We choose L s k F = 20 in Fig. 6 because we focus on the impurities near the interface and 0 k F ϳ 6.3. We consider low density strong impurities in (a), where V i N 0 = 0.1 and i = 0.2. There is no peak splitting in Fig. 6 (a) because most impurities are outside of the gray region in Fig. 5 . On the other hand, the results in Fig. 6(b) show the split of the ZBCP at T = 0, where we consider high density weak impurities with V i N 0 = 0.02 and i = 0.6. This is because most impurities are inside the gray region in Fig. 5 . The splitting peaks merge into a single peak under finite temperatures such as T = 0.1E ZEP . In Fig.  6 (c), we show the temperature dependence of the zero-bias conductance in Fig. 6(b) . The results show the reentrant behavior of the zero-bias conductance, which was found in the experiment. 35 In Fig. 6(d) , the peak position ͑␦eV͒ in (d) is plotted as a function temperatures. Since ␦eV is about 0.15E ZEP at T = 0, peak splitting is washed out at high temperatures such as T = 0.11E ZEP . High density impurities with a weak random potential are responsible for the split of the ZBCP in low transparent junctions. Several experiments 35, 40 show a sensitivity of the conductance peaks to external magnetic fields. Here we discuss the conductance in the presence of magnetic fields. The effects of magnetic fields are taken into account phenomenologically by using the Aharonov-Bohm-like phase shift 72, 73 of a quasiparticle. Since the impurity scattering in magnetic fields itself is a difficult problem to solve analytically, we neglect the interplay between magnetic fields and impurity scatterings. Within the phenomenological theory, 73 effects of magnetic fields is considered by replacing E in Eq.
where 0 =2បc / e and B 0 = 1.0 −3 corresponds to B =1 T. A quasiparticle acquires the Aharonov-Bohm-like phase shift B while moving near the NS interface. 73 In a previous paper, we found that ZBCP in clean junctions remains a single peak even in the strong magnetic fields 73 as shown in Fig.  7(c) , where z 0 = 10 and T = 0.05E ZEP . In Figs. 7(a) and 7(b) , we show the conductance in the presence of low density Fig. 2(b) is also shown. The filled squares are parameters used for the conductance in Fig. 3 . strong impurities and high density weak impurities, respectively, where V i and i are same as those in Figs. 6(a) and 6(b), respectively. A temperature is fixed at T = 0.05E ZEP . In contrast to clean junctions in Fig. 7(c) , the ZBCP in disordered junctions splits into two peaks under magnetic fields as shown in Fig. 7(a) . The results within the phenomenological theory indicate that the sensitivity of the ZBCP to magnetic fields depends on the degree of impurity scatterings. In the insets, peak positions ͑␦eV͒ are plotted with circles as a function of magnetic fields. For high density weak impurities in Fig. 7(b) , we also found that the degree of peak splitting increases with increasing magnetic fields. In the limit of the strong fields, ␦eV tends to saturate as shown in the inset.
These characteristic behavior are found in the experiment. 35 Although we have explained the characteristic behavior of the experimental conductance peaks under magnetic fields well, the applicability of the phenomenological theory in the presence of impurities is still unclear. This issue would be addressed more clearly in an exact numerical simulation.
IV. DISCUSSION
In experiments, the split of the ZBCP has been reported in overdoped high-T c superconductors. 38 The heavy carrier doping may bring a number of defects or imperfections in superconductors. It is evident that the impurity scattering is unavoidable even in underdoped high-T c superconductors. The split of the ZBCP can be found in underdoped superconductors if they have bad sample quality. In the same way, the split of the ZBCP would not be found even in overdoped superconductors if their sample qualities are good enough. The sample quality is a key factor for the spilt of the ZBCP. This argument is consistent with an experiment, 74 where the potential disorder was artificially introduced to the NS junctions by ion irradiation and washed out the ZBCP in the limit of strong disorder.
In order to compare the theoretical results in this paper with experiments, we may consider the impurity scattering in normal metals. The total resistance ͑R͒ in the dirty normalmetal/(110)-d-wave junction can be described simply by R = R D + R NS , 75, 76 where R D =1/G D is the resistance of the dirty normal metal and G NS =1/R NS is the conductance discussed in this paper. The equation indicates the absence of the proximity effect in the dirty normal metal. 77, 78 The height of the ZBCP can be reduced to reasonable values in the presence of the impurity scattering in normal metals because the total conductance is given by 1 / ͑R D + R NS ͒. The degree of splitting depends on parameters such as the potential of impurities ͑V j ͒, the position of impurities ͑x j ͒, and the transparency of the junction ͑T B ϳ 1/z 0 2 ͒. In particular, T B is the most important parameter because E ZEP = ⌬ 0 / z 0 2 ϳ ⌬ 0 T B determines the width of the ZBCP. As shown in Figs. 3 and 6 , the degree of splitting is roughly given by 0.1-0.4E ZEP . Thus it is possible to choose T B to fit the degree of splitting with that found in experiments. The amplitude of the pair potential is about 40 meV in typical high-T c materials. The degree of splitting is then estimated to be 0.4-1.6 meV for z 0 = 3, which is almost consistent with that found in experiments, for instance, 2 meV. 35 It is also necessary to consider electronic structures of high-T c materials for the quantitative agreement of the splitting width in theories with those in experiments. Actually we have experienced in numerical simulations that the peak splitting width seems to be larger when more realistic electronic structures of high-T c materials are taken into account. 50 In quasiclassical Green function theories, the conductance is proportional to the density of states at the surface of superconductors. We find that the E dependence of the density of states at the interface in Eq. (33) is apparently different from that of the conductance even in the clean junctions shown in Eq. (46) . We also find that N s ͑E , x =0͒ϳN 0 Ӷ N s ͑E , x = 0 ͒ as shown in Fig. 2(b) . The density of states near the interface averaged over 0 in this paper may correspond to the surface density of states in the quasiclassical approximation, where the rapidly oscillating part of the wave function is neglected and the smallest length scales is given by 0 . It is impossible to directly compare the present theory with the quasiclassical Green function theories because the position of impurities is a key parameter for the split of the ZBCP in our theory.
The Abrikosov-Gor'kov (AG) theory 79 is a useful approach to discuss the impurity scattering in superconductors. The applicability of the AG theory is limited to the superconductivity in diffusive metals, where the mean free path is much smaller than the size of the disordered region in superconductors. Here we briefly discuss the relation between the AG theory and ours. Since the AG theory assumes the diffusive transport regime, we define the mean free path of a quasiparticle in the Born approximation 
where we consider W ϫ L s disordered region on twodimensional superconductor as in Fig. 6 . The impurity density i can be replaced by the dimensionless impurity density i = ͑2 / k F ͒ 2 i . The ratio of the mean free path and the coherence length is given by
In this paper, l / 0 is larger than unity even in the limit of i = 1 because we assume ⌬ 0 / F = 0.1 and N 0 V i Ͻ 0.1. On the other hand, the dirty limit is defined by the relation l / 0 Ӷ 1. When we choose L s to be a few coherence length as shown in Fig. 6 , where L s ϳ 3 0 , we find that l / L s is still larger than unity. The disordered region is not in the diffusive regime but in the quasiballistic regime because the diffusive regime is characterized by the relation l / L s Ӷ 1. Thus it is basically impossible to apply the Abrikosov-Gor'kov theory to the model in this paper. The scattering theory 68 used in this paper is a suitable analytic method to discuss the conductance of such NS junctions. Although the impurity scattering near the interface is very weak in normal states, it drastically affects the conductance below the critical temperature. Impurities located at the resonant states seriously suppress the degree of the resonance even if their potentials are weak. In the AG theory, the real part of the self-energy is usually neglected. In our theory, this approximation corresponds to an equation s 2 = 0. However s 2 plays an important role in the peak splitting. When we omit s 2 , I 2 and I 3 must also be zero, which leads to positive ⌫ j and no splitting irrespective of V i N 0 and x j k F .
We show that the impurity scattering causes the splitting of the ZBCP. The conclusion, however, does not deny the possibility of the BTRSS. In a previous paper, 33 we assume s + id symmetry near the NS interface and numerically study the tunneling conductance. The results show that the split of the ZBCP is insensitive to the potential disorder. Thus peak splitting would always be expected in low transparent junctions 31 if the BTRSS appears at the NS interface. At present, we have only limited information on the BTRSS within the mean-field theories. To understand the nature of the BTRSS beyond mean-field theory, we have to analyze the electronic structure of high-T c superconductors based on microscopic models and make clear effects of the surface, the electron correlation, and the random potentials on the superconducting state. This is an important problem for the future.
Since the formation of the ZES is a universal phenomenon in superconductors with unconventional pairing symmetries, the ZES is also expected at a surface of spin-triplet superconductors. 80 It would be interesting to study the effects of impurities on transport properties in spin-triplet superconductor junctions. 46, 78, [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] V. CONCLUSION We have discussed effects of impurity scatterings on the conductance in normal-metals/d-wave superconductor junctions. The conductance is calculated from the Andreev and normal reflection coefficients which are estimated by using the single-site approximation. We consider impurities near the junction interface on the superconductor side. The strength of the impurity scattering strongly depends on the transparency of the junction, the position of impurities, and the energy of a quasiparticle because the ZES's are formed at the NS interface. We conclude that the impurity scattering causes the split of the zero-bias conductance peak. The results are consistent with previous numerical simulations. We have also shown that characteristic behaviors of the conductance spectra at finite temperatures and under external magnetic fields qualitatively agree with those reported in experiments. ͪ.
͑A17͒
For instance, t NS he ͑l͒ is the transmission coefficients from the electron branch in a superconductor to the hole branch in a normal metal. In the above coefficients, we use the relation q l ± = k l ± Ӎ k l for simplicity. The conclusions in this paper remain unchanged in this approximation.
APPENDIX B: GREEN FUNCTIONS
The real space retarded Green function in clean junctions can be calculated by using the transmission and the reflection coefficients in Appendix A. For x Ͻ xЈ Ͻ 0, the Green function from a normal metal to a normal metal is 
